The class of molecules containing podophyllotoxin (11, picropodophyllin (2), and etoposide, a semisynthetic analogue, have attracted considerable synthetic attention as a consequence of the potent biological activity exhibited by the latter compound. Podophyllotoxin inhibita mitosis
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and other microtubule-dependent processes. Both the chemical and the biological properties of 1 have been reviewed.' Of significance to synthetic planning is that the trimethoxyphenyl group in 1 is axial and that the transfused lactone is prone to epimerization.
A number of syntheses of 1 or its isomers have been recorded? Many researchers have utilized Friedel-Crafta or cycloaddition strategies. Most closely related to the research described herein are a total synthesis of and synthetic approaches by Charlton; Jung,S and Saa.21 Durst's synthesis featured an intramolecular cycloaddition of the carbamate of a benzocyclobutenol to efficiently construct the carbon atom framework. Charlton utilized a photoenolization followed by an intermolecular DielsAlder reaction as a key step in his route to analogues of 1. Jung envisioned an intramolecular Diels-Alder reaction of an acylated benzocyclobutenol as the key step in his synthetic plan. Unfortunately, his innovative plan was thwarted by the instability of the requisite precursor. Saa recently reported the preparation of simple aryl-substituted benzocyclobutenols from the photolysis of benzophenones. In the context of our research involving in- 
Scheme I1
10 4 % 11 a: R = E t , b : R = tBu tramolecular hydrogen atom abstraction reactions, we explored the strategy depicted below in the retrosynthetic analysis and report herein a formal total synthesis of racemic podophyllotoxin.
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The photoenolization reaction depicted above proceeds by the abstraction of a benzylic hydrogen atom by the excited state of the diary1 ketone? The ketone also contains a benzylic ether. Since there was also ample precedent for the photochemically induced fragmentation of a benzylic substituent (particularly if the excited state has T-R* character), the success of this key step was uncertain?
The key step could be readily examined. The model system 6 was constructed from alcohol 38 in 20% overall yield by reaction with chloromethyl allyl ether and base (to form acetal 7) followed by synthesis of the benzophenone subunit by metalation, reaction of the resulting aryllithium with benzaldehyde, and Jones oxidation. sequence was the undesired cis-lactone. Lactone 14 could be converted into keto lactone 15 using the PCC oxidation. Since compound 15 has been converted into 1 by Meyera, the synthesis of 15 thus constitutes a formal total synthesis of 1. OUT 3 0 0 -m NMR spectrum of 15 was identical to that reported by MeyemZi
We suspected that epimerization of the ester moiety had occurred during the hydrolysis of 13a. Therefore, we prepared tert-butyl ester 4b from 10 in 59% yield. Irradiation of 4b afforded hydroxy ester l l b in 51% yield.
Using the same conditions that we had employed for the ethyl ester series, we converted l l b into 13b in 72% yield. Acid-mediated hydrolysis of 13b produced acid 5 in 89% yield. The structure of 5 was confirmed by X-ray spectroscopy.
We have demonstrated that a tandem photoenolization/Diels-Alder sequence is capable of rapidly constructing the tetrahydronaphthalene subunit of 1. The deoxygenation of the resulting tertiary alcohol was accomplished with excellent stereoselectivity. The preparation of 15 constitutes a formal total synthesis of 1, since Meyers has converted 15 into 1 by an efficient four-step Irradiation of ketone 6 in a Rayonet reactor provided the unstable benzocyclobutenol8 as a mixture of diastereomers, a clear indication that the photoenolization reaction would predominate over fragmentation. Although the photoenolization reaction was not followed by an intramolecular Diels-Alder reaction, we knew that the likelihood of a tandem photoenolization reaction/DielsAlder reaction was much better with cu,@-unsaturated ester
4.
Ketone 4 was prepared as shown in Scheme 11. The acetal 7 was metalated, and the resulting aryllithium was reacted with 3,4,54rimethoxybenzaldehyde (9). The resulting alcohol was immediately oxidized with Jones reagent to produce ketone 10 in 58% yield from 7. Oxidation of the allyl group followed by a Wittig reaction on the newly formed aldehyde generated ketone 4a in 41 % yield. Irradiation of 4a using the conditions described previously afforded hydroxy ester l l a in 60% yield. We did not isolate any benzocyclobutene-containing products. NMR decoupling experiments indicated that the substituents a t C-1, C-2, and C-3 were equatorial. Assuming the currently accepted stereochemical outcome of the photoenolization reaction and assuming a concerted cycloaddition, the tertiary alcohol should be syn to the ester group.
The conversion of l l a to 1 required removal of the hydroxyl group and the hydrolysis of the ester and acetal groups. We initially studied the reductive cleavage of the tertiary alcohol using Raney nickel. While this reagent had been used by Rodrigo to cleave a closely related ether,g when 1 la was subjected to the Rodrigo conditions, it was recovered in high yield. An attempted ionic hydrogenation using triethylsilane and BF3-Etz0 gave the dihydronaphthalene 12a in 90% yield. These conditions afforded the best yield of 12a, in part because the reductive conditions suppressed the undesired oxidation to the naphthalene nucleus. Catalytic hydrogenation of 12a furnished ester 13a in 100% yield.
In order to ascertain the facial selectivity of the hydrogenation reaction, we attempted the iridium-based directed hydrogenation procedures developed by Stork,lo
Crabtree," and Schultq12 however, 12a did not react under these conditions. The stereochemistry of 13a, initially assigned on the basis of NMR analyais, was later supported by an X-ray determination of acid 5. Interestingly, the catalytic hydrogenation of a related dihydronaphthalene was much less stereoselective.2k
Base-mediated hydrolysis of 13a afforded an acid which was treated with BBr3 to form lactone 14 in 18% yield from 13s. The structure of 14 was determined by X-ray spectroscopy. It showed that the product of the two-step (9) 
Experimental Section
Unless otherwise noted, materials were obtained from commercial suppliers and were used without purification. HEA refers to hexanes/ethyl acetate solvent mixtures for TLC and silica gel flash chromatography (sgc) . The purity of all title compounds was determined to be >95% by 300-MHz proton NMR and/or elemental analyses.
5-Bromo~6-(2,4-dioxa-6-heptenyl)-l,3-benzodioxole (7). To alcohol 38 (1.50 g, 6.54 mmol) in 60 mL of CH2C12 was added diisopropylethylamine (1.12 g, 13.0 "01) and chloromethyl allyl ether (1.05 g, 9.84 mmol). The mixture was stirred at rt for 10 h. The solution was washed with HzO and was dried over Na#OI. The solvent was removed in vacuo. The residue was separated by sgc (HEA = 6:l) to give 0.46 g (71% yield) of 7 as a colorless oil.
Compound 7 
5-Benzoy14-(2,4-dioxa-6-hepteny1)-1,3-benzodioxole (6).
To 7 (0.46 g, 1.53 mmol) in 10 mL of THF under argon at -78 "C was added n-BuLi (0.74 mL, 1.84 mmol, 2.50 M in hexane) dropwise with stirring. The solution was warmed to rt for 0.5 h and was cooled to -78 "C. Benzaldehyde (0.24 mL, 2.30 mmol) was added to the solution dropwise at -78 "C. The solution was then stirred at -78 O C for 2 h, quenched at -78 "C by the addition of water, and warmed to rt. The solution was poured into 100 mL of EhO. The organic layer was washed with brine, was dried over NaZSO4, and was concentrated in vacuo. The residue was separated by sgc (H:EA = 6:l) to give the alcohol (0.20 g, 40% yield) as a colorless liquid.
The above alcohol (72 mg, 0.220 "01) was dissolved in 10 mL of acetone/ether (v/v = 1/10). Jones reagent (8 N, 0.14 mL, 1.10 mmol) was added dropwise at 0 "C with stirring. The mixture was stirred at 0 "C for 0.5 h and then was washed with brine until the brine washings were clear. The solution was dried over Na&301. The solvent was removed in vacuo, and the residue was separated by sgc (H:EA = 6:l) to afford 51 mg (71% yield) of compound 6 as a colorless oil.
Compound 6 at -78 "C under argon was added n-BuLi (16.8 mL, 38.9 mmol, 2.32 M in hexane) dropwise with stirring. The mixture was warmed to 0 "C for 0.5 h and was cooled to -78 "C. Aldehyde 9 (9.54 g, 48.6 mmol) in 30 mL of THF was added to the above solution. The mixture was stirred at -78 O C for 2 h and was warmed to 0 OC. Water was added to quench the reaction. The solution was poured into 300 mL of EhO which was washed with brine and was dried over Na2S0,. The solvent was removed in vacuo, and the residue was separated by sgc (HEA = 31) to afford 8.45 g of the alcohol. The above alcohol (8.45 g, 20.2 m o l ) was dissolved in 100 mL of acetone. Jones reagent (8 N, 12.6 mL, 101 mmol) was added dropwise with Stirring at 0 "C. After 0.5 h, the mixture was poured into 300 mL of EhO and was washed with brine until the brine washings were colorless. The solvent was removed in vacuo, and the residue was separated by sgc (H:EA = 4:l) to afford 7.80 g (58% yield) of 10 as a slightly yellow liquid.
Compound 10 'H NMR (CDC13) 6 7.07 (8, 
Ethyl (E)-4-[[[5-(3,4,5-Trimethoxybenzoyl)-l,3-benzodioxol-6-yl]methoxy]methoxy]-2-butenoate (4a).
To 10 (0.523 g, 1.26 mmol) in 30 mL of acetone/H20 (v/v = 1/1) was added NaI04 (0.593 g, 2.77 mmol) and Os04 (6.40 mg, 0.0252 mmol). The mixture was stirred at rt for 16 h and was poured into 100 mL of EhO. The organic layer was washed with brine and was dried over NaaO,. The solvent was removed in vacuo, and the residue was not purified but was used directly for next step.
The residue from the above procedure was dissolved in 30 mL of CH2C12. Ethyl triphenylphosphoranylideneacetate (0.482 g, 1.38 mmol) was added, and the mixture was stirred at rt for 12 h. The solvent was removed, and the residue was purified by sgc To lla (0.147 g, 0.301 mmol) in 30 mL of CH2Cl2 at -78 "C under argon was added Et&i (0.072 mL, 0.451 mmol) in one portion followed by BF3-OEt2 (0.041 mL, 0.331 mmol) dropwise. The mixture was stirred at -78 "C and was allowed to warm to rt overnight. Dilute NaHC03 (15 mL) was added, and the solution was washed with brine and was dried over NaaO,. Hz, 2 H), 3.88 (8, 3 H), 3.81 (8, 6  H) , 3.66 (t, J = 11.1 Hz, 1 H), 3.08 (m, 1 H) , 0.90 (t, J = 7.2 Hz, (film) 2924,2853,1703,1583 cm-'; TLC (Eh0H:EtOH = 20101) Rf = 0.50; mp 95-96.5 "C.
Ethyl (4aa,5a,6@,1 lba)-4a,5,6,1 lb-Tetrahydro-6-(3,4,5-trimet hoxyphenyl)-4H-[ 1,3 Hz, 1 H), 4.42-4.33 (m, 3 H), 3.92-3.81 (m,  2 H), 3.80 (s, 3 H), 3.76 (s,6 H Compound 13a (0.250 g, 0. 530 mmol) and 20 mL of 0.1 M NaOH dioxane/H20 (v/v = 1/1) were heated at reflux for 6 h and cooled to rt. Cold 2 N HC1 was added to the solution to adjust the pH to 3.0. The solution was extracted with EhO and was dried over Na2S04, and the solvent was removed in vacuo to afford 0.111 g of crude acid which was not purified but was used directly for the next step.
To the crude acid (32 mg, 0.072 mmol) in 15 mL of CH2C12 was added BBr3 (0.233 mL of a 1 M solution in CH2C12, 0.233 "01) dropwise at -78 "C under argon. The mixture was stirred for 5 h and was quenched with NaHC03 at -78 "C. The solution was brine, and was dried over Na804, and the solvent was removed in vacuo. The residue was separated by sgc (Eh0:HEtOH = 20101) to afford 10.8 mg of 14 as a white solid (18% yield of 14 from 13a).
Compound 14 and Celite (10 mg) in 0.5 mL of CHzC12 at -10 O C was added dropwise a solution of 14 (5.6 mg, 0.14 mmol) in 0.5 mL of CH2C12. The suspension was allowed to slowly warm to rt over 20 h. The suspension was directly purified by sgc using 20101 EhOHEtOH to afford 4.0 mg (72% yield) of compound 15 as a white solid.
Compound in 40 mL of acetone/H20 (v/v = 1/1) was added NaIO, (0.830 g, 3.88 mmol) and Os04 (8.95 mg, 0.0352 mmol). The mixture was stirred at rt for 16 h and then was extracted by EhO and was dried over Na2S0,. The solvent was removed in vacuo, and the residue was used for next step.
The above residue was dissolved in 25 mL of CH2C1,. tert-Butyl triphenylphosphoranylideneacetate (0.73 g, 1. 94 "01) was added, and the mixture was stirred at rt for 12 h. The solvent was removed in vacuo, and the residue was separated by sgc (H:EA = 41) to afford 0.540 g (59% yield) of compound 4b as a slightly yellow oil. It contained approximately 2% of the 2-product. Butyl (4aa,5a,6@,11 ba)-4a,5,6,llb-Tetrahydro-6-hydroxy4-( 3,4,5-trimethoxyphenyl)-4H-[ l,3] 6-h]-1,3-benzodioxin-5-carboxylate (1 lb). Compound 4b  (1.02 g, 1.98 "01) in 200 mL of benzene was degassed for 10 min and then was irradiated in a Pyrex tube in a Rayonet reactor with 350-nm light for 9 h. The solvent was removed in vacuo, and the residue was separated by sgc (HEA = 41) to afford 0.520 g (51% 
